Summary: High-resolution (200 × 200 × 1,500 m 3 ) imaging was performed to derive quantitative cerebral blood flow (CBF) and apparent diffusion coefficient (ADC) maps in stroke rats (permanent occlusion) every 30 minutes up to 3 hours after occlusion onset, followed by histology at 24 hours. An improved automated iterative-self-organizing-data-analysisalgorithm (ISODATA) was developed to dynamically track ischemic tissue fate on a pixel-by-pixel basis during the acute phase. ISODATA-resolved clusters were overlaid on the CBF-ADC scatterplots and image spaces. Tissue volume ADC, and CBF of each ISODATA cluster were derived. In contrast to the single-cluster normal left hemisphere (ADC ‫ס‬ 0.74 ± 0.02 × 10 −3 mm 2
, mean ± SD, n ‫ס‬ 8), the right ischemic hemisphere exhibited three ISODATA clusters, namely: "normal" (normal ADC and CBF), "ischemic core" (low CBF and ADC), and at-risk "perfusion-diffusion mismatch" (low CBF but normal ADC). At 180 minutes, the mismatch disappeared in five rats (Group I, 180-minute "core" lesion volume ‫ס‬ 255 ± 62 mm 3 and 24-hour infarct volume ‫ס‬ 253 ± 55 mm 3 , P > 0.05), while a substantial mismatch persisted in three rats (Group II, 180-minute CBF-abnormal volume ‫ס‬ 198 ± 7 mm 3 and 24-hour infarct volume 148 ± 18 mm 3 , P < 0.05). The CBF (0.3 ± 0.09 mL g ) of the analogous brain region in Group I was below the CBF viability threshold, and its ADC gradually decreased from 0.63 ± 0.05 to 0.43 ± 0.03 × 10 −3 mm 2 /s (ADC viability threshold ‫ס‬ 0.53 ± 0.02 × 10 −3 mm 2 /s). The modified ISODATA analysis of the ADC and CBF tissue characteristics during the acute phase could provide a useful and unbiased means to characterize and predict tissue fates in ischemic brain injury and to monitor therapeutic intervention. Key Words: Viability thresholds-PenumbraPerfusion-diffusion mismatch-Diffusion-weighted imagingPerfusion-weighted imaging-Multispectral analysis.
Magnetic resonance imaging (MRI) offers multiple contrasts for staging ischemic brain injury in a single setting. T 1 -and T 2 -weighted MRI yields excellent delineation of subacute and chronic stroke, whereas diffusionand perfusion-weighted imaging techniques have the ability for early detection of acute ischemic brain injury before changes in T 1 and T 2 relaxation times are detectable (Helpern et al., 1993; Knight et al. 1994) . Hyperintense regions on diffusion-weighted imaging correspond to tissues with reduced apparent diffusion coefficients (ADC) of water (Mosely et al., 1991) . It has been postulated that the combined use of perfusion and diffusion imaging is capable of mapping both reversible and irreversible injury. During the early onset of ischemic brain injury, a central core with severely compromised cerebral blood flow (CBF) and severe ADC reduction is generally surrounded by a rim of moderately ischemic tissue with diminished CBF and impaired electrical activity but preserved cellular metabolism (where ADC remains near normal to normal), commonly referred to as the "ischemic penumbra" (Astrup et al., 1981) . The penumbra is the region at risk of eventual infarction and is of most interest for potential therapy. The "perfusiondiffusion mismatch" seen initially after stroke onset has been suggested to approximate the "ischemic penumbra." Thus, automated analysis of the "perfusion-diffusion" mismatch could offer a means to identify "tissue signature" and a "clock window" for therapeutic intervention (Albers, 1999) .
Most analyses of stroke MRI data had been carried out using volumetric approach and involved the use of region-of-interest (ROI) analysis. These ROIs contain tissues with different ADC and CBF characteristics, thereby inadvertently mixing the characteristics that one is trying to resolve. The complex temporal and spatial evolution of focal cerebral ischemia had prompted the use of various combinations of MR parameters and more sophisticated analysis methods (Welch et al., 1995; Jiang et al., 1997; Carano et al., 1998 Carano et al., , 2000 Jacobs et al., 2000 Jacobs et al., , 2001a Jacobs et al., , 2001b Wu et al., 2001; Mitsias et al., 2002) for performing unsupervised multiparametric segmentation on a pixel-by-pixel basis to stage stroke outcome. Multispectral analyses based on K-mean and Fuzzy c-mean clustering techniques have been used to investigate the ischemic penumbra using CBF index maps, T 2 and ADC maps in a rat stroke model (Carano et al., , 2000 . This approach, however, requires the number of tissue clusters to be assigned a priori. In practice, the number of tissue clusters is generally unknown during the evolution of cerebral ischemia. Jacobs et al. (2001a) and Mitsias et al. (2002) eloquently incorporated the iterative self-organizing data analysis algorithm (ISODATA) (Ball and Hall, 1965) for analyzing T 1 -, T 2 -and diffusion-weighted images in human stroke. This approach had also been applied to analyze T 1 -, T 2 -, and diffusionweighted images in an animal stroke model (4 hours to 1 week) (Jacobs et al., 2001b) . Unlike many other existing techniques, ISODATA analysis requires minimal user intervention, and the number of clusters is statistically determined. Studies thus far used ISODATA analysis of T 1 -, T 2 -and diffusion-weighted data during the subacute phase to correlate lesion volumes with histology and found that a multiparametric ISODATA analysis outperformed analysis using any single parameter alone. None of these studies, however, used ISODATA to dynamically track tissue fate on a pixel-by-pixel basis as ischemia evolves during the acute phase, i.e., where the perfusion-diffusion mismatch is dynamically evolving.
In this study, the automated ISODATA technique was extended to include spatial contiguity and a Mahalanobis (instead of Euclidean) distance measure. More importantly, the modified ISODATA technique was applied to analyze stroke data with the aim of dynamically tracking tissue fates on a pixel-by-pixel basis during the acute ischemic phase, with particular focus on the "perfusiondiffusion" mismatch dynamics. This was made possible by the use of multislice, high-resolution, quantitative perfusion and diffusion imaging. Imaging was performed every 30 minutes up to 3 hours after occlusion followed by histology at 24 hours. The main goals were (1) to statistically resolve different pixel clusters on the ADC-CBF scatterplots and overlay on the image spaces; (2) to characterize the temporal and spatial dynamics of each cluster on a pixel-by-pixel basis, and (3) to track the tissue volumes, CBF, and ADC values of the "perfusiondiffusion" mismatch and other pixel clusters as ischemia evolved during the acute phase.
METHODS

Animal preparations
Stroke surgery and the anesthetic protocol were identical to those of Shen et al. (2003; . Eight male Sprague-Dawley rats (300 to 350 g, Taconic Farms, NY, U.S.A.) were initially anesthetized with choral hydrate (400 mg/kg, i.p., Sigma, St. Louis, MO, U.S.A.). The left femoral artery was catheterized. Permanent focal brain ischemia of the right hemisphere was induced using the intraluminal middle cerebral artery occlusion method. Rectal temperature was maintained at 37.4 ± 0.8°C (mean ± SD, n ‫ס‬ 8) throughout. Heart rate and mean arterial blood pressure via the arterial line were recorded continuously onto a PC via the Biopac system (Santa Barbara, CA, U.S.A.). Respiration rate was derived from the slow modulations on top of the cardiac waveforms. Anesthesia was switched to 1% isoflurane once the animal was in the magnet and during imaging. MRI data were acquired at 30, 60, 90, 120, and 180 minutes.
Histology
TTC (2,3,5-triphenyltetrazolium chloride) staining was performed at 24 hours after ischemia. Eight 1.5-mm slices corresponding to the MR slices were carefully sectioned coronally and incubated in 2% TTC solution at 37°C for 30 minutes and fixed in 10% buffered formalin solution. TTC infarct volumes with edema correction were derived as described elsewhere .
MR experiments
Magnetic resonance imaging was performed on a Bruker 4.7-T/40-cm (Billerica, MA, U.S.A.) and a 20-G/cm gradient insert (ID ‫ס‬ 12 cm, 120-microsecond rise time). The animal was placed in a stereotaxic headset and onto an animal holder, which consisted of a surface coil (2.3-cm ID) for brain imaging and a neck coil for CBF labeling. Coil-to-coil interaction was actively decoupled.
ADC av was obtained by averaging three ADC maps acquired separately with diffusion-sensitive gradients applied along the x, y, or z direction (Stejskal and Tanner, 1965) . ADC av was used because it yielded a single representative ADC value, which minimized structural anisotropy (Lythgoe et al., 1997) . Four-segment, spin-echo, echo-planar images were acquired with spectral width ‫ס‬ 200 kHz, TR ‫ס‬ 2 seconds per segment (90°flip angle), TE ‫ס‬ 37.5 milliseconds, b ‫ס‬ 10 and 1,270 seconds/mm 2 , ⌬ ‫ס‬ 17.53 milliseconds, ␦ ‫ס‬ 5.6 milliseconds, field of view ‫ס‬ 2.56 cm × 2.56 cm, eight 1.5-mm slices, and 16 averages (total time ‫ס‬ 8.5 minutes).
Quantitative CBF was measured using the continuous arterial spin-labeling technique (Silva et al., 1999; Duong et al., 2000) with four-segment, gradient-echo echo-planar images, spectral width ‫ס‬ 200 kHz, field of view ‫ס‬ 2.56 cm × 2.56 cm, eight 1.5-mm slices, TE ‫ס‬ 15 milliseconds, and TR ‫ס‬ 2 seconds (90°flip angle). Paired images were acquired alternately: one with arterial spin-labeling and the other without spin-labeling (control) preparation. Seventy-five pairs of images were acquired for signal averaging (total time ‫ס‬ 20 minutes). Although differences in dephasing effects between spinecho and gradient-echo echo-planar images in the diffusion and perfusion measurements, respectively, could cause pixel misalignment at the skull-brain interface, it was minimized by using a short gradient echo time, relatively high spatial resolution (reduced intravoxel dephasing), similar echo-planar readout time, and careful shimming. Furthermore, a conservative ROI avoiding the brain-skull interface was used for data analysis.
In practice, ADC and CBF measurements were interleaved using the following scheme: 6.7-minute CBF (25 pairs), 2-minute ADC (b x ‫ס‬ 10 seconds/mm 2 ), 2-minute ADC (b x ‫ס‬ 1,270 seconds/mm 2 ), 6.7-minute CBF, 2-minute ADC (b y ‫ס‬ 1,270 seconds/mm 2 ), 2-minute ADC (b z ‫ס‬ 1,270 seconds/mm 2 ), and 6.7-minute CBF.
Data analysis
Magnetic resonance data analysis used code written in Matlab (MathWorks, Natick, MA, U.S.A.) and the STIMULATE (Strupp, 1996) software. All data in text were reported as mean ± SD and all error bars on graphs as standard errors of the means (SEM). Correlation analysis between ISODATA-lesion volumes and TTC-infarct volumes was analyzed. Statistical comparisons used two-tailed paired t-test.
Calculation of apparent diffusion coefficient and cerebral blood flow maps
Apparent diffusion coefficient maps with intensity in units of square millimeters per second were calculated pixel-by-pixel by using (Stejskal and Tanner, 1965 Cerebral blood flow images (S CBF ) with intensity in units of milliliters per gram per minute were calculated (Silva et al., 1999; Duong et al., 2000) pixel-by-pixel using, S CBF ‫ס‬ /T 1 · (S c − S L )/(S L + (2␣ − 1) S c ), where S C and S L are signal intensities of the control and labeled images, respectively. , the water brain-blood partition coefficient, was taken to be 0.9 (Herscovitch and Raichle, 1985) . T 1 , the water spin-lattice relaxation time of tissue, was measured to be 1.5 seconds at 4.7 T. ␣, the arterial spin-labeling efficiency , was measured to be 0.75. Although consistent with many established invasive techniques, the accuracy of this CBF technique could be subjected to errors arising from magnetization-transfer (Silva et al., 1999; Duong et al., 2000) , transittime (Calamante et al., 1996; Zhou et al., 2001) , and waterexchange (Silva et al., 1997a (Silva et al., , 1997b Zhou et al., 2001; Parkes and Tofts, 2002) effects. Magnetization-transfer effect was not an issue with the actively decoupled two-coil system (Silva et al., 1999; Duong et al., 2000) . Transit-time and waterexchange effects had been demonstrated to be small (Silva et al., 1997a (Silva et al., , 1997b Zhou et al., 2001; Parkes and Tofts, 2002) and were unlikely to alter the conclusions of this study.
Improved ISODATA cluster analysis
The ISODATA technique is an unsupervised segmentation method based on K-means clustering algorithm with the addition of iterative splitting and merging steps that allow statistical adjustment of the number of clusters and the cluster centers. Two major improvements based on Jacobs et al. 's algorithm (2001a) were incorporated, namely: the use of Mahalanobis distance measure and spatial contiguity.
In the original ISODATA method used to analyze stroke data (Ball and Hall, 1965; Soltanian-Zadeh et al., 1997; Jacobs et al., 2001a) , Euclidean distance was used, which did not take into account the variances of the feature parameter. Mahalanobis metric (Duda and Hart, 1973) removes several of the limitations of the Euclidean metric, namely (1) it automatically accounts for the scaling of the coordinate axes, (2) it corrects for correlation between the different features, and (3) it provides curved, in addition to linear, decision boundaries. The Mahalanobis distance r can be written as,
where r is the Mahalanobis distance from the feature vector x to the mean vector m x , and C x is the covariance matrix for x. The surfaces on which r is constant are ellipsoids that are centered about the mean m x . In the special case where the features are uncorrelated and the variances in all directions are the same, these surfaces are spheres, and the Mahalanobis distance measure reduces to the Euclidean distance measure. Details of the ISODATA technique per se had been described elsewhere (Ball and Hall, 1965; Jacobs et al., 2001a) . Major ISODATA steps were as follows (Jacobs et al., 2001a) :
Step 1: Clustering parameters were initialized, which included minimum cluster size ( N ), initial guess of the number of clusters (K), splitting parameter ( S ), maximum number of iterations (I), maximum number of pairs of clusters that could be lumped in one iteration (L), and convergence error (E r ). Herein, N , K, S , I, L, and E r were typically set to be 100, 3, 0.5, 1, 80, 1, and 1 × 10 −5 , respectively.
Step 2: Pixel vectors were distributed among the cluster centers based on the smallest Mahalanobis distance.
Step 3: Cluster centers with fewer pixel vectors than the minimum cluster size were discarded and the pixel vectors in the discarded clusters were redistributed among the remaining cluster centers.
Step 4: Intra-and interMahalanobis distances were calculated between pixel vectors and cluster centers.
Step 5: Splitting and merging of clusters were performed based on the number of clusters, size of clusters, intra-and inter-Mahalanobis distances, etc.
Step 6: Steps 2 to 5 were repeated until the algorithm converged or reached the maximum number of iterations was reached.
Step 7: If the algorithm converged, spatial contiguity correction (see below) was performed to remove "misclassified" pixels. If the algorithm did not converge, it returned to step 1 to adjust initial cluster parameters. Cluster classification per se used the Kmean algorithm (Tou and Gonzales, 1974) .
Spatial contiguity incorporates spatial information when assigning clusters. Because of "noise" in the ADC and CBF measurements, a small fraction of (often single) pixels could be mistakenly assigned to a different membership. Consequently, a few scattered pixels of one class could be embedded in another class. For "misclassified" pixel identification, the (dis)contiguity at a single pixel (j) was defined as the fraction of its spatial neighbors that are not in the same cluster:
Number of adjacent pixels i for which k͑i͒ k͑j͒ Number of adjacent pixels ,
where k(j) is the cluster to which j belongs, and k(i) is the cluster to which j's neighbors i belongs. Eight neighbors were used in this study. For cluster reassignment, another contiguity index of pixel j, D jl , was defined as
Number of adjacent pixels i for which k͑i͒ k͑j͒ and k͑i͒ = L Number of adjacent pixels ,
where L ‫ס‬ 1 to n_cluster and L k(j) (n_cluster is the total number of clusters). Pixels were reassigned if they had six or more of eight possible neighbors belonging to another class (D j Ն 6/8) and the class to which these pixels were to be reassigned had to have five or more of eight possible neighbors (D jl Ն 5/8). Both conditions needed to be satisfied; otherwise, the pixel would not be reassigned. The goal was to remove 1 or 2 "noisy" pixels only, while avoiding erroneously reassigning pixels, especially at 30 minutes after occlusion where small "islands" of normal tissues could be embedded in large abnormal lesions.
Tissue volumes, ADC, and CBF values of ISODATA clusters
For ISODATA analysis and correlation with TTC, only five anterior slices were used to avoid susceptibility distortion around the ear canals. To increase computational efficiency, conservative ROIs of the whole brain were carefully drawn to avoid the edge of the brain-skull interface based on CBF maps with reference to ADC maps. Pixels with CBF larger than 4 mL g −1 min −1 or ADC larger than 1.2 × 10 −3 mm 2 /s (as displayed on scatterplots) were excluded; the excluded pixels were mostly: 1) cerebrospinal-fluid pixels due to their large ADC and 2) "noise" pixels arising from dividing a small number in the CBF calculation or arising from large blood vessels. Although tighter limits could be used, doing so could risk unjustly eliminating pixels. Nonetheless, the excluded number of pixels was very small (< 5%). ISODATA analysis was performed on the "brain" pixels of each animal individually and at each time point. Multiple ISODATA clusters were resolved and CBF-ADC pixel-by-pixel scatterplots of different ISODATA clusters were generated, color-coded pixel-by-pixel, and mapped onto the image spaces. Tissue volume, ADC, and CBF of each cluster were evaluated at each time point.
Evolution of "mismatch" pixels
The evolution of the "mismatch" pixels was investigated with the 30-minute time point as a reference. The temporal evolution of the "mismatch" pixels, defined at 30 minutes after occlusion, was evaluated as they migrated to different clusters. Tissue volumes ADC, and CBF values of the pixels that subsequently migrated into the normal zone, core zone, or remained in the mismatch zone, were determined at each time point.
Cerebral-blood-flow and apparent diffusion coefficient evolution of the "persistent mismatch"
The "perfusion-diffusion" mismatch in a few animals did not disappear completely at 180 minutes (persistent mismatch, Group II). ROI analysis of the CBF and ADC evolution of the persistent mismatch were performed and compared to the homologous region in the normal left (contralateral) hemisphere. Similar ROI analysis of the analogous brain regions was also performed on another group of animals (Group I) where the mismatch disappeared completely at 180 minutes. ADC and CBF of these brain regions were plotted as a function of time. Fig. 1 shows representative CBF-ADC scatterplots and the ISODATA cluster analysis using normalized Euclidean and Mahalanobis distance measures (both without spatial contiguity) and Mahalanobis distance measures with spatial contiguity. Normalized Euclidean distance measure was used for fair comparison with the Mahalanobis distance measure because the latter is normalized by default. In the normalized Euclidean distance measure, unexpected linear cluster boundaries and/or more clusters segregated along the CBF axis were observed because the CBF distribution had a larger variance than the ADC distribution. Mahalanobis distance measure took into account the differences in variances among the feature parameters. Additionally, a few single or a small numbers of pixels of one cluster membership   FIG. 1 . Representative ISODATA analysis of the pixel-by-pixel scatterplots of cerebral blood flow (CBF) and apparent diffusion coefficient (ADC) using (A) normalized Euclidean distance measure without spatial contiguity criterion and (B) Mahalanobis distance measure without spatial contiguity criterion, and (C) Mahalanobis distance measure with spatial contiguity. The ISODATA results were color-coded and mapped on the image spaces as shown in the insets.
RESULTS
occasionally were found to embed in another because of "measurement noise." With the spatial contiguity criterion, these scattered pixels were reclassified using spatial information. All subsequent analyses below used a Mahalanobis distance measure with the spatial contiguity criterion.
Visual inspection of all the ADC and CBF maps in all animals indicated that there was a substantial "perfusiondiffusion" mismatch at 30 minutes after occlusion, consistent with a previous report . Essentially all the "perfusion-diffusion" mismatch disappeared in some animals (Group I, n ‫ס‬ 5), whereas a substantial mismatch persisted in others (Group II, n ‫ס‬ 3) at 180 minutes after occlusion. For clarity of presentation, Group I and Group II data are shown side by side where appropriate for comparisons. Fig. 2A shows representative ADC and CBF maps at 30 and 180 minutes after occlusion. The ADC and CBF lesion volumes can be clearly visualized. There was a substantial "perfusion-diffusion" mismatch at 30 minutes after occlusion. In Group I, essentially all of the mismatch pixels disappeared at 180 minutes, and in Group II some of the mismatch persisted at 180 minutes. Fig. 2B shows the ISODATA cluster analysis of the CBF-ADC scatterplots. In contrast to the normal left hemisphere, which exhibited a single cluster, the ischemic right hemisphere showed 3 clusters at 30 minutes, namely, the normal (blue), core (red), and mismatch (green) cluster. At 180 minutes, the scatterplots showed that the mismatch had largely disappeared in Group I but some mismatch persisted in Group II. Regions of the persistent mismatch were generally located in the sensory and motor cortices, in the vicinity of the anterior communicating artery territory. Different pixel clusters resolved on the scatterplots were mapped onto the image spaces (Fig. 2C) . Mismatch was located peripherally to the ischemic core. The ischemic "core" volumes grew and the "mismatch" volumes decreased as ischemia progressed. The ISODATA-derived lesion volumes showed excellent slice-by-slice correspondence with the TTC infarct   FIG. 2 . Representative data from a stroke rat with "perfusion-diffusion" mismatch disappeared at 180 minutes after ischemia (Group I, left) and another rat with some "perfusion-diffusion" mismatch remained at 180 minutes (Group II, right). . (B) CBF-ADC scatterplots of the normal left hemisphere at 30 minutes, ISODATA cluster analysis results of the right hemisphere at 30 and 180 minutes. (C) Pixel clusters from the CBF-ADC scatterplots were overlaid on the image space at 30, 60, 90, 120, and 180 minutes. In the right hemisphere, blue, green, and red are assigned as "normal," "perfusiondiffusion" mismatch, and "ischemic core" clusters, respectively. TTC slides at 24 hours are also shown.
volumes for Group I, less so for Group II, presumably because some of the persistent mismatch showed delayed infarction. Both the "core" volumes at 3 hours and infarct volumes at 24 hours were smaller in Group II compared to Group I.
Group-average tissue-volume evolutions for the ISODATA-resolved clusters are shown in Fig. 3 . The "abnormal" cluster is the sum of the core and the mismatch cluster. In Group I, the core volumes at 3 hours (255 ± 62 mm 3 ) were very similar to the TTC infarct volumes at 24 hours (253 ± 55 mm 3 ) (P > 0.05). In Group II, the mismatch volumes decreased by a smaller magnitude relative to that of Group I. The TTC infarct volumes at 24 hours (148 ± 18 mm 3 ) was similar to the "core" lesion volumes at 3 hours (140 ± 8 mm 3 ) (P > 0.05) but smaller than the abnormal volumes at 3 hours (198 ± 7 mm 3 ) (P < 0.05). A correlation analysis was performed between ISODATA-derived lesion volumes and TTC infarct volumes for each animal at each time point after occlusion (Fig. 4) . Groups I and II were plotted and analyzed together. The correlation coefficients with respect to the unity line for 30, 60, 90, 120, and 180 minutes after ischemia were 0.62, 0.74, 0.83, 0.94, 0.99, respectively, indicating ISODATA-derived lesion volumes at 180 minutes showed the best correlation with TTC infarct volumes.
Tissue fates of the perfusion-diffusion mismatch
The fate of the "perfusion-diffusion" mismatch pixels was dynamically tracked in terms of their tissue volumes, ADC, and CBF values as these pixels migrated to different clusters (Fig. 5) . The "normal" left hemisphere ADC and CBF were 0.74 ± 0.02 × 10 −3 mm 2 /s and 1.36 ± 0.22 mL g −1 min −1
, respectively, consistent with those reported previously in normal (Sicard et al, 2003; Liu et al., in press) and stroke animals under similar experimental conditions. In Group I, the mismatch volume gradually decreased as ischemia progressed with essentially all pixels migrating exclusively to the "core" zone at 180 minutes. The ADC of the pixels that subsequently migrated to the "core" zone were 0.68 ± 0.02 × 10 −3 and 0.46 ± 0.04 × 10 . In Group II, the mismatch volume also gradually decreased as ischemia progressed, but a substantial number of mismatch pixels remained at 180 minutes. The ADC   FIG. 3 . Temporal evolution of the group-average tissue volumes of the normal, mismatch, core, and "abnormal" (core + mismatch) clusters for (A) a group of animals with "perfusion-diffusion" mismatch disappeared at 180 minutes after ischemia (Group I, mean ± SEM, n = 5), and (B) another group of animals with some "perfusion-diffusion" mismatch persisted at 180 minutes (Group II, n = 3). TTC infarct volumes were obtained at 24 hours after ischemia.
FIG. 4.
Correlation plot of ISODATA-derived lesion volumes and TTC infarct volumes at each time point after ischemia. Group I and II were plotted and analyzed together where the data points with three smallest TTC infarct volumes belonged to Group II. The correlation values with respective to the unity line for 30, 60, 90, 120, and 180 minutes after ischemia were 0. 62, 0.74, 0.83, 0.94, and 0.99, respectively. of the pixels that subsequently migrated to the "core" zone was 0.66 ± 0.02 × 10 −3 and 0.45 ± 0.05 × 10 −3 mm 2 /s at 30 and 180 minutes, respectively; the mean CBF was 0.13 ± 0.10 and 0.08 ± 0.13 mL g −1 min −1 at 30 and 180 minutes, respectively. The mean ADC of the pixels remaining in the mismatch zone was 0.70 ± 0.02 × 10 −3 and 0.67 ± 0.04 × 10 −3 mm 2 /s at 30 and 180 minutes, respectively; their mean CBF was 0.22 ± 0.05 and 0.20 ± 0.09 mL g −1 min −1 at 30 and 180 minutes, respectively.
Characterization of "persistent mismatch"
Cerebral blood flow and ADC of the "persistent mismatch" at 180 minutes were characterized in detail. Fig.  6A shows the CBF results. The mean CBF of the "persistent mismatch" (ischemic right hemisphere) in Group II (0.3 ± 0.09 mL/g/min) was statistically higher (30 minutes: P < 0.05; other time points: P < 0.01) than the CBF from the analogous region in Group I where the mismatch disappeared at 180 minutes (0.08 ± 0.03 mL g −1 min −1
). For reference, CBF in the homologous regions in the normal left hemisphere showed no statistical differences (P > 0.05) at all time points between Group I (1.42 ± 0.53 mL g −1 min −1
) and Group II (1.36 ± 0.11 mL g −1 min −1 ). Fig. 6B shows the ADC results. In Group II, the ADCs of the "persistent mismatch" (right hemisphere) did not decrease as ischemia progressed and were not statistically different from the ADCs in the homologous regions of the left hemisphere (P > 0.05). In marked contrast, the mean ADC of the analogous brain regions in the ischemic right hemisphere of Group I gradually decreased as ischemia progressed from 0.63 ± 0.05 mm 2 /s (30 minutes) to 0.43 ± 0.03 mm 2 /s (180 minutes). These results were consistent with the endpoint histology.
DISCUSSION
The major findings of this study can be summarized as follows: (1) an improved algorithm based on the automated ISODATA technique was developed and applied to characterize the spatiotemporal dynamic evolution of ischemic brain injury based on high-resolution, quantitative perfusion and diffusion measurements. (2) In contrast to the normal left hemisphere, multiple clusters were resolved in the ischemic right hemisphere, corresponding to the "normal", "at risk" ("perfusion-diffusion" mismatch), and "ischemic core" tissues. (3) Tissue volumes, ADC, and CBF of each ISODATA cluster were quantified. Pixels of different ISODATA clusters were color-coded and mapped onto the image and ADC-CBF spaces. (4) In some animals, essentially all the "perfusion-diffusion" mismatch pixels disappeared, while in other animals some mismatch pixels persisted at 180 minutes after occlusion. (5) CBF of the "persistent mismatch" at 180 minutes was statistically higher than the CBF from the analogous region where the mismatch disappeared at 180 minutes. The ADC of the "persistent mismatch" did not decrease as ischemia progressed. In marked contrast, the ADC of analogous brain regions where the mismatch disappeared at 180 minutes decreased precipitously as ischemia progressed.
Multiparametric analysis had been correlated with histology or stroke outcomes (Welch et al., 1995; Jiang et al., 1997; Carano et al., 1998; Carano et al., 2000; Jacobs et al., 2000 Jacobs et al., , 2001a Jacobs et al., , 2001b Wu et al., 2001; Mitsias et al., 2002) . However, none of these studies used ISODATA analysis to dynamically track tissue fates on a pixel-by-pixel basis as ischemia progresses during the acute phase where the perfusion-diffusion mismatch is dynamically evolving and can potentially be salvaged. "Perfusion-diffusion mismatch" had been widely observed in acute human stroke (Albers, 1999; Schlaug et al., 1999; Rohl et al., 2001) ; similar observation on animal stroke models, however, had been limited (Lythgoe et al., 1999; Carano et al., 2000) . Recently, Shen et al. (2003; characterized the spatiotemporal dynamic evolution of the "perfusion-diffusion mismatch" in rats by using quantitative perfusion and diffusion imaging during the acute phase (albeit lower spatial resolution compared to the current study) where proton density, T 1 , and T 2 relaxation times were generally unaffected. "Viability thresholds" were derived via correlation of CBFand ADC-defined lesion volumes at 3 hours with histological (TTC) staining at 24 hours, consistent with viability thresholds derived using other correlation techniques (Busza et al., 1992; Hoehn-Berlage et al., 1995; Kohno et al., 1995; Shen et al., 2003) . These "viability thresholds" were used to characterize different tissue clusters, particularly the "perfusion-diffusion" mismatch, in permanent and transient (Shen et al., 2004, in press) ischemic brain injury. Classification of pixel clusters using fixed viability thresholds has some advantages and disadvantages. The advantages are as follows: it is simple to use, it can be correlated to a specific ischemic event, and it yields reasonably accurate information regarding tissue properties. The disadvantages are as follows: the number of clusters is fixed, the results are subjected to errors from cross-modality comparison, and there are potentially different thresholds depending on which "gold standard" is used for correlation.
The improved automated ISODATA technique is ideal for analyzing stroke data during the acute phase. The "perfusion-diffusion" mismatch is of particular interest because its cluster membership, tissue volume, ADC, and CBF dynamically evolve as ischemia progresses. Resolving tissue fates using ISODATA analysis of ADC and CBF data during the dynamic acute phase posed a more challenging problem, relative to previous ISODATA analysis using T 1 -weighted, T 2 -weighted, and diffusion-weighted imaging data where the clusters in the feature spaces are relatively more separated in the subacute or chronic phase. In our case, pixel clusters on the CBF-ADC scatterplots showed substantial overlap during the acute phase. Critical to the ISODATA analysis of the CBF and ADC during the acute phase are the implementation of the Mahalanobis distance measure, spatial contiguity, and high-resolution quantitative imaging. The high-resolution ADC and CBF data yielded a finer discrimination at the border zones of different tissue fates via reduction of partial-volume effects (albeit with a lower signal-to-noise ratio) as well as quadrupling the pixel density relative to low resolution imaging (64 × 64 matrix) and, thus, improved the statistics of the cluster analysis. To partially compensate for the reduced signalto-noise ratio at high spatial resolution, surface coil and imaging parameters were carefully optimized and the total acquisition time was lengthened (from 10 to 30 minutes) relative to previous studies performed at lower spatial resolution . The lengthened total acquisition time could result in temporal averaging in the ischemic evolution, especially during the early time points (i.e., 30 and 60 minutes); such temporal averaging had less effect on the later time points. Although the relatively wider CBF distribution in the left hemisphere relative to ADC arose primarily from intrinsic tissue CBF heterogeneity, improved accuracy of the CBF measurement is expected to improve ISODATA results.
The presence or absence of "persistent mismatch" at 3 hours could arise from different degree of occlusion (i.e., position and size of occluders) and the extent of collateral perfusion, as well as interanimal variation of the vascular structures. CBF (0.3 mL g −1 min −1 at all time points) of the pixels that showed persistent mismatch at 180 minutes (Group II) was above or similar to the viability CBF threshold of 0.2 to 0.3 mL g −1 min −1 (Busza et al., 1992; Hoehn-Berlage et al., 1995; Kohno et al., 1995; Shen et al., 2003) . Our measured CBF was likely to be the lower limit because of increased transit time in the ischemic right hemisphere; thus, the actual CBF of the persistent mismatch was likely higher than 0.3 mL g −1 min −1 and thus above the CBF viability threshold. In marked contrast, CBF (0.1 mL g −1 min −1 , at all time points) in analogous brain regions of Group I where the perfusion-diffusion mismatch at 180 minutes disappeared was below the viability CBF threshold.
CBF viability thresholds were derived using various correlation techniques. For example, Crockard et al. (1987) used a hydrogen-clearance-electrode technique and reported a CBF threshold of 0.2 mL g −1 min −1 that best correlated with the loss of high-energy phosphates. Naritomi et al. (1988) . Kohno et al. (1995) used 14 C-iodoantipyrine autoradiography and reported a CBF threshold of 0.31 mL g −1 min −1 , which correlated with the onset of reduced glucose metabolism and lactate acidosis but before energetic failure. and Zhao et al. (1997) used 14 C-iodoantipyrine autoradiography and derived an average penumbral CBF threshold of 0.3 mL g −1 min −1
. Although these critical thresholds were derived using different CBF measurement techniques, different stroke models and correlation with different ischemic events, they showed consistent values ranging from 0.2 to 0.3 mL g −1 min −1 . The CBF profiles indeed had critical effects on the ADC values. In Group II where there was a persistent mismatch, the ADC in regions with persistent mismatch (right hemisphere) was not statistically different from that of the homologous regions in the normal left hemisphere and did not decrease as ischemia progressed. In Group I where the persistent mismatch disappeared at 180 minutes, the ADC in that region dropped below the critical ADC threshold [0.53 ± 0.02 × 10 −3 mm 2 /s ] at 120 minutes after occlusion. These results clearly indicated that quantitative CBF and ADC could be used to track and predict tissue fates in ischemic brain injury during the acute phase.
Finally, additional clusters could exist in principle. From the biological standpoint, for example, an oligemic cluster could be present, and the persistent mismatch and the mismatch that disappeared at 180 minutes should belong to different clusters. However, tissue CBF is highly heterogeneous and shows substantial overlap among different types and different tissue status. Consequently, ISODATA analysis failed to distinguish various biologically relevant clusters. Improved signal-to-noise ratios in CBF and ADC measurements as well as inclusion of other measured parameters, such as functional MRI data could potentially make resolving other biologically relevant clusters possible. Clinical applications of automated cluster analysis to resolve and track ischemic tissue fates are feasible in principle. Potential problems could arise because quantitative CBF is not yet widely available (qualitative CBF measurements generally necessitates a contralateral hemisphere comparison) and currently available CBF techniques in human applications have relatively poorer combined signal-to-noise ratio and spatial resolution. Furthermore, CBF and ADC are likely to be more heterogeneous in the human brain compared to the rat brain. Rat brain constitutes mostly of gray matter; white matter (mainly the corpus callosum) constitutes a small volume fraction of cerebrum and could be judicially ignored or readily segmented out. In humans, white matter is intricately mixed with gray matter and needs to be classified, which is expected to add complexity to the ISODATA analysis. Nonetheless, clinical applications of the automated ISODATA technique have the potential to become routine (Mitsias et al., 2002) .
CONCLUSIONS
An improved ISODATA algorithm was developed to dynamically track ischemic tissue fates on a pixel-bypixel basis during the acute phase using high-resolution, quantitative perfusion and diffusion imaging. Tissue volumes, ADC, and CBF distributions of each cluster were evaluated, and different ISODATA clusters were overlaid on the CBF-ADC scatterplots and the image spaces. CBF of the "persistent mismatch" was above the CBF viability threshold, and its ADC did not decrease as ischemia progressed. In marked contrast, CBF of analogous brain regions where the mismatch disappeared at 180 minutes was below the CBF viability threshold and its ADC decreased precipitously as ischemia progressed. This analysis approach is expected to be useful in predicting tissue fates and monitoring the spatiotemporal dynamics in cluster membership as a function of therapeutic intervention.
